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MULTILAYERED OPTICAL FILM 



BACKGROUN D QF THF rNVFT^ pfv' 
The present invention relates to multilayered polymeric films in which 
5 aJtemating layers include a crystaJIine naphthalene dicaitoxylic acid polyester and 
another selected polymer. 

Such films can be used to make optical interference filters that reflen 
light via constructive interferences between a multiplicity of layen vnth low and 
high indices of refraction. The pioneering work on the reflection of light from 
1 0 multilayered polymeric films is described in Alfrey et al.. Polvmer P.na^n>>nnr ^ nrt 
isasasi. Vol. 9, No. 6. Pages 400-404. November 1969, Radford et al.. Polymer 
En g inwriny ^nd St'CTgg Vol. I3, No. 3. Pages 216-221, May 1973, and U.S. 
Patent 3,610,729 (Rogers). 

U.S. Patent 4,310,584 (Cooper et al.) describes the use of polyesters in 
1 5 a multilayered iridescent light-reflecting fihn. The film includes alternating layers of 
a high refractive index polymer and a polymer with a lower refractive index. The 
high refractive index polymer is a cast non-oriented film that includes a 
thermoplastic polyester or copolyester such as polyethylene terephthalate (PET), 
polybutylene terephthalate and various thermoplastic copolyesters which are 
2 0 synthesized using more than one glycol and/or more than one dibasic acid. For 
example, PETG copolyester is a glycol-modified PET made fiTira ethylene glycol 
and cyclohexancdimethanol and terephthalic acid or PCTA copolyester which is an 
add-modified copolyester of cydohexanedimethanol with terephthalic and 
isophthalic add. More recently, U.S. Patent 5, 122.905 (Wheatley) describes a 
2 5 multilayer reflective film with first and second diverse polymeric materials in 
alternating layers that exhibits at least 30% reflection of inddent light. The 
individual Uyers have an optical thickness of at least 0.45 micrometers, and adjacent 
layers have a reflective index difference of at least 0.03. U.S. Patent 5.122.906 

tC«« than Ci 4< M«t«>^Mi^»*A«. _ J. i . r- 

•-' oi.u <iuj4uciii laycii nave B rcmcuve index difference ot 

at least 0.03. U.S. Patent 5. 126.880 (Wheatley et al.) also describes multilayer 
reflecting bodies with a ponion of the layers having thicknesses between 0 09 and 



wo 95/17303 



PCT/US94/14323 



0.45 micrometers, and the rema.mng layers hav,„g optical th.cicnesses of nor greater 
than 0.09 ^m or not less than 0.45 ^m. The refraaive index difference is at least 
0.03. AJI three Wheatiey patents teach that it is difBcult to make a multilayer 1/4 
wavelength stack of polymeric material operating with consmiaive interference 
5 without noticeable iridescence. The Wheatiey '880 Patent describes that thicker 
layers provide a uniform background reflectance, so that 1/4 wavelength peak 

-^'-v •» noiiccaoic to the naked eye. 

us. 3,6 , 0,729 (Ro,^^ ^ . 

could b. rtrtlly oriemed ,. reflea U^„ of one ptoe of po]«iz«,o„ while 
1 0 submndalb- .«sn*U„« U™ other. The p„e„, describes . shee, po W ™de of 
•l.«™.ng polynertc leye,^ one layer being bireftingen. arrf .he oU,er i,o.,op,c 
B,reih„ge„c i„ ^ one leyer ™y be d.«,op«f by unidirecion,! ohenu„o„ of U,e 
polymer molecule, of .he n.l,il.yered shee, due ,o s,re,chi„g of U,e *„g u», 
d,r«,o. The„.„il.,eredsh.e,l.«r„ch«„..hui„«,„^ ^^^ 
w..h Ih. con«,«„ rt.. un„1 one re*,c,ive indo, of ,he bire«„gen, l.y.„ e,„.l, 
*.re(iac,ive index of«IJ.ce«i,ouopic layer,. Polynyrene, polye*y|e„. 
.er^h.hd«e. poly^dfone. polyc«b„„.,e. „d polype,^|y,e„e « menUoned « 
use«,l ...rial. U.S. P.,en, «2i,4,3 (Roger.) describe. ,be u« of bireiK„g„ 
polymer, in lienming Uyer. th., exhibi, . geomeiric index of 0.5 or higher 
0 AIU,oug* exnemely high indice. of rdhc*„ „e .chievble wi,h „me of Ik 
~.en... Ii...d in lb. Roge.. . u p-en^ tee m^ri.,, ^ 

m U» of usefl,l device, due io poor opdc «„.mi«io„ exr^^,^ 

and high cost. 

=™«"™»^'«!-»iW.tepol«zm„eb«dond,herorie«ed 
■ "y^ polymer «lms (.b«,r«„g po,.,i^, or .i„.d ,hin 61m polari^rs (M,cNeille 
poi^). In absorbing poleri^,.. ,igh, „f one ph,„e of poleri^Uon is absorbed 



— rh..ai uMnagexnent problems pan.culariy when the polanzer ,s used m 
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liquid crystal d.spiay (LCD) projection systems. Second, plane of polanzation of 
the reflected light can be re-oriented to increase the overall optical throughput of 
one polarization. 

For large areas, standard tilted thin film optic polarizers are too bulky 
5 and absorbing polarizers are presently the only option. In addition to the 

aforementioned thermal management problems, absorbing polarizers suffer from 
bleaching of the dye in intense light, as wdi as low melting temperature of the 
polyvinyl alcohol (PVA) base polymer and water solubility of PVA. U.S. Patent 
4,756.953 (Utsumi) describes the use of a dichroic dye incorporated into 
1 0 polyethylene naphthaiate (PEN) that has been umaxially oriented. PEN has the 
advanuge of a higher melt temperature and decreased water solubility as compared 
to conventional PVA based polarizers. 

Tilted thin film polarizers can be collapsed to a relatively thin sheet of 
approximately 0.020 inches by successively depositing thin fiJms on repeating 
1 5 m^croprism substrates. (M. F. Weber. "Retroreflecting Sheet Polarizer". SID conf 
proceedmgs. Boston. Massachusetts. May 1992. p. 427; M. F Weber 
-Retroreflecting Sheet Polanzer". SID conf proceedings. Seattle. Washington. May 
1993. p. 669.) Such polarizers are characterized by high cost since thin film 
vacuum deposition techniques are used. 
2 0 EPO Patem Application 488.544 also describes a polarizer of 

alternating diverse polymeric layers. The polarizer includes multiple alternating 
onented layers of at least first and second polymeric materials having respective 
nonzero stress optical coefRdems which are sufficiently different to produce a 
refractive index mismatch between the polymeric materials. PEN is mentioned as a 
25 suitable polymer alleging possession of a "negative stress optical coefficient" which 
...plies that the PEN wil, have a lower index of refraction in the stretch direction 
than adiacen? lavr^c 
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A multiJayered polymer f51m comprising a body of a plurality of 
aitcmat.ng layers of a crystalline naphthalene dicarboxylic acid polyester and 
another selected polymer wherein the layers have a thickness of less than 0 5 
n..cron|eters and wherein the crystalline naphthalene dicarboxylic acid polyester 
layer has a higher index of refraction assocated with at least one in-plane ax.s tH,n 
aajoining layers of the selected polymer. 



10 




15 



The invention will be further explained with reference to the drawings 

Figures la«,d lb are diagrammatical views of the polarizer of the 
present invention. 

Figure 2 is a graphical view illustrating the refractive indices 
characteristics of the PEN and coPEN layen of the present invcnUon 

Figure 3 is a graphical view of computer simulated data of percem 
transm«s.on of a 50.,.yer PEN/coPEN film stack based on the indices shown in 

Figure 2. 

Figure 4 is a graphical view of computer simulated dau of percent 
transmission of an equally bi^cially stretched 300-layer PEN/coPET mirror 

f^^^^^'-8"P'^«=^viewofpercentmeasuredtnmsmissionofa51. 
layer I.R. polarizer of the present invention ^th the first order peak near 1.300 nm 

/^'^^'^'-^"PWcal view ofpercent measured transmission of eight " 
5Mayer polarizers of the present invention laminated together. 

Figure 7 is a graphical view of percent measured transmission of a 204- 
2 5 layer polarizer of the present invention. 

Figure 8 is a graphical view of percent measured transmission nfr^-. 



20 



inventJon 



.ncmai.. wcw oi an ovcrneao projector of tne nre^^nt 
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ngure 10 shows a two layer stack of films formmg a single .nterface 
Figures 1 1 and 12 show reflectivity versus angle curves for a uniaxial 
birefringent system in a medium of index 1.60. 

Figure 13 shows reflectivity versus angle curves for a uniaxial 
5 birefrir^ent system in a medium of index 1 .0. 

Figures 14. 15 and 16 show various relationships between in-plane 
indices and z-index for a uniaxial birefHi 



10 



^«"«^^'*'°-'off«i-eflectivityversusw.vele„gthfortwodifferem 
uniaxial birefringent systems. 

Figure 18 shows the effea of introducing a y-index difference in a 
biaxial birefringent film. 

Figure 19 shows the effect of introducing a z-index difference in a 
biaxial birefringent film. 

2° ^°^""«°"^P'ot summarizing the information from 

15 Figures 18 and 19; 

21-26 show opUc.lperfon„a„«ofmuIUl.yer mirrors given in 
tne mirror Examples; and 

in the polarizer Examples. 



20 



Figures la, lb, and 9 are not to scale anH >ii c 
. , ^° ^" ^he figures are intended to 

be merely illustrative and non-Iimiting. 
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PETAILED DF,SrRTPTION nr n | r .c-rp ATIVP PK^nr^j ^^^^r^. 
The present mvention as illustrated in Figures la and lb includes a 
multilayercd polymeric sheet 10 having alternating layers of a crystalline 
naphthalene dicarboxylic acid polyester such as 2.6 polyethylene naphthalate (PEN) 
5 12 and a selected polymer 14 useful as a reflective polarizer or mirror. By 
stretching PEN/selected polymer over a nmge of uniaxial to biaxial orientation, a 

film is created with a range of reflectivities for differemlv nri^t.w u^... 

incident light If stretched biaxiaUy. the sheet can be stretched asymetrically along 
orthogonal axes or symmetrically along orthogonal axes to obtain desired polarizing 
10 and reflecting properties. 

For the polarizer, the sheet is preferably oriented by stretching in a 
smgle direction and the mdex of refraction of the PEN layer exhibits a large 
difference between incidem light rays with the plane of polarization parallel to the 
onented and transverse directions. The index of refraction associated with an in- 
1 5 plane ax» («, axis parallel to the surface of the film) is the effective index of 

refraction for plane-polarized incident light whose plane of polarization is parallel to 
that ax.s. By oriented direction is meant the direction in which the film is stretched 
By transverse direction is me«,t that direction orthogonal in the plane of the film to 
the direcuon in which the film is oriented. 

^ 0 PEN is a preferred material because of iu high positive stress optical 

coefficent and permanent birefringence after stretching, with the refractive index 
for polarized incident light of 550 nm wavelength increasing when the plane of 
polarization is parallel to the stretch direaion from about 1.64 to as high as about 
1 .9. The differences in refractive indices associated with different in-plane «ces 
5 exhibited by PEN and a 70-naphthalate/30- terephthalate copolyester (coPEN) for a 
5: 1 stretch ratio are illustrated in Figure 2. In Figure 2. the data on the lower curve 
represent the mdex of refraction of PEN in the tranwrr.. .... ..p^.. 



■■ i l-» 1^ H V..- . . - T ' H" ? <• r 1^ f • 



-:rccuoa rt.N cxnioits a a.tterence m retranive ,„fl« of n n ... . 

- . — ^ ^ ^^^^ viSiUlC 
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spcctmm. The birefringence (difference in refractive index) can be increased by 
increasing the molecular orientation. PEN is heat suble from about ISS'C up to 
about 230-C depending upon shrinkage requirements of the appi.ca.on Although 
PEN has been specifically discussed above as the preferred polymer for the 
5 birefiingem layer, polybutylcne naphthalatc is also a suiuble material as well as 
other crystalline naphthalene dicarboxylic polyesters. The crystalline naphthalene 
dicarboxylic polyester should exh,b« a difference in refraaive indices associated 
with different in-plane axes of at least 0.05 and preferably above 0.20. 

Minor amounts of comonomers may be substituted into the naphthalene 
1 0 dacarboxylic acid polyester so long as the high refraaive index in the stretch 
d.rection(s) is not substantially compromised. A drop in refractive index (and 
therefore decreased reflectivity) may be counter balanced by advantages in any of 
the following: adhesion to the seleaed polymer layer, lowered temperature of 
extrusion, better match of melt viscosities, better match of glass transition 
15 temperatures for stretching. Suiuble monomers include those based on isophthalic 
«ela.c adipic. sebacic. dibenzoic. terephthalic. 2.7- naphthalene dicarboxylic 2 6- ' 
naphthalene dicarboxylic or cyclohexanedicarboxylic acids. 

The PEN/selected polymer resins of the present invention preferably 
have similar melt viscosities so as to obtain uniform multilayer coextrusion The 
: 0 two polymers preferably have a melt viscosity within a fii«or of 5 at typical shear 
rates. 

The PEN and the preferred selected polymer layers of the present 
invention exhibit good adhesion properties to each other while still remaining as 
discrete layers within the multilayered sheet. 
'= The glass transition temperatures of the polymen of the present 

■nvention are compatible so adverse effects such as cracking of one set of polymer 

*. • - 

Jlh. - . : 

.c.c... .o.vinc: ,owc.- man tnc glass transition 
tcrnperature ot the PEN layer. The glass transition temperature of the selected 
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polymcr layer temperature may be slightly higher than the glass transition 
temperature of the PEN layer, but by no more than 40»C. 

Preferably, the layers have a 1/4 wavelength thickness with different 
sets of layers destgned to reflect different wavelength nmges. Each layer does not 
5 have ta ne exactly 1/4 wavelength thick. The overriding requirement is that the 
adjacent low-high index film pa.r have a toul optical thickness of 0.5 wavelength 
i ne oandwidth of a 50-layer stack of PEN/coPEN layers having the index 
differential indicated in Figure 2. with layer thtcknesses chosen to be a 1/4 
wavelength of 550 mn. is about 50 nm. This 50-layer stack provides roughly a 99 
1 0 percent average reflectivity in this wavelength range with no measurable absorption 
A computer-modeled curve showing less than 1 percent transmission (99 percent 
reflectivity) is illustrated in Figure 3. Figures 3-8 include data characterized as 
percent transmission. It should be undemood that since there is no measurable 
absorbance by the film of the present invention that percent reflectivity is 
1 5 approximated by the following relationship: 

100 - (percent transmission) - (percent reflectivity). 
The preferred selected polymer layer 14 remains isotropic in refractive 
.ndex and substantially matches the refractive index of the PEN layer associated 
w,th the transverse axis as illustrated in Figure la. Light with iu plane of 
20 polanzation ,n this direction will be predominantly transmitted by the polarizer 
wh.le hght with its plane of polarization in the oriented dir^on will be reflected as 
illustrated in Figure lb. 

In «i<IWo^ ih. «J1«A, fol^ of ,ta p^, ^ ^ 

»sdU „ . UU„ i„«„ed p„hn«. The „e«i f<. . tt, irt-^ ^ 
..teonWbyBrt.„.i.(OpU„U„er. Vol, ,7. No. h,. 4:2^2,, ^, ,5 
1W2). .i«cnb.apoW„,.d.by3,r«chi„8 8oMa.™js»,b.ddrt ' 



in 

.ciicciivc poianzcri 
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The rcflcct,vc polarizer of the present invention is useful .n optical 
elements such as ophthaln^c lenses, minors and windows. The polarizer is 
characterized by a n«rror-like loolc which is considered styhsh in sunglasses In 

5 th r ' ' ^"'^^-^ »«5-"y "P to 

5 the edge of the visible spectnim. 

For the polarizer, the PEN/sdccted poiyn,er layers have at least one 
- "•-™.c«o,rc«a,o„ are preferably 

ne march of ,eft.a,v. indices .»oci.,ed ,ka, ^ ^ ' 

««ve,« axis. ,e»„„ i„ s„b.un,i.,„ „„ .„ ^_ 

polarr^tion. The «,ec.ed polymer layer ma, also eid^bi. a decea« i„ ,he 
^ft«dvei^e,a«oci„edwi,h^e,u«chdirec.o„. A ne,.,ive bire,r,„,ehce of 

oTrlT '° 7 " ^'"^ 
of re*a«,on of adjoining layers assoc»,=d wirh *e orienadon a^'a while ,he 

^ecuon Of «,h. „W, iu plane of po,ar<.Uo„ paraile, .o .he direct is 

IS Difference. he,w.e»*e™av.,ae..«..«oci.,ed indices^ 

Po^ b^gence due .0 «re.chi„^ M .H. can be relaxed .0 n,a,ch rhe 

of .^-«vcrae«da of U» PEN Uyera in. hea,^^, ^ 

The preferred selected polymer for the polarizer of the present 
■nvenuon is a copolyestcr of the reaction product of a naphthalene dicarboxylic acid 
or .ts ester such as dimethyl naphthalate ranging from 20 moU „ o 
c ^ ^. ^'"^ "^^'^ rnolc percent to 80 mole 

»d .aophuullc or ..rephU* add or *.r esre. .ch as din^hyl 
.«.e ranging from 20 mole p^, ,„ ,o n„|. 

'* (pr . ^ . 

r 1-1 ^ , ^ ,. 

'►->-^ssrc: HDovr 3:-;...: n^v- 

■ — --r .nacA associaico witn tnt 



course, the copolyestcr must be 
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15 



20 



25 



coextrudable with PEN. Other su.tabie copoiyesters are based on isophthaiic 
«ela,c. adipic. sebacic. dibenzoic. tercphthal.c. 2.7- naphthalene dicarboxyiic 2 6- 
naphthalene dicarboxyiic or cycJohexaned,carboxyi.c acids. Other suitable 
variations in the copolyester include the use ofethyiene glycol, propane did butane 
5 d.ol. „<,opentyl glycol, polyethylene glycol. tetran,ethylene glycol, diethylene glycol 
cyclohexanedimethanol. 4-hydroxy diphenol. propane diol. bisphenol A. and 1 .8- ' 
-v—., ..K,».,.. „, ..^-o.s,..nyo,oxy«l,oxy)bcraa,« as .he diol reacunt A 

pr=p«,nj usdul copoD«,e„. In «ldi,ion, copolyc«to»,o taving.gl.,, 
0 .r.™,on ,.™pe:„„e compaubl. wiu, ,h= gl« ™„i,io„ «„,p„,^, .f 

wl. a reftacm, i„d« a«oci...d «.h .he ,r.«v«. of .pp,„i„„,e,y ,59,0 
i .69 are .!„ u««.l as a selecd poly„«, i„ ^ „^ ^^^^ ^^^^ 

copolymer or copoly=.rt«,„,e by .ra,u«,.rifica.ion of nvo or more polymery in 
the exm««,„ s>r.^ i. ^ p^,. „„„ ,^ ^ ^^^^ ^^^^ 

To n»k. a nnmir. vm, uniaxiaHy areiched polariring aheeu JO are 
pos,.,oned wiU, U»r re^i,. on««io„ routed 90., or U» ahee, 10 ia 
biaxially «r„ched. In *e la«, caa^ boU, PEN refiacdv. indieea in plane of U,. 
^ mcreaa. and U,e aeleced polymer ahould be d,„a«, aa low of a refraaiv. 
m-ex aa posaible u, reflea ligh of bo.1, plane, of p„lart=*. Bia„H, airelching 

.he n,„l,iUyer«l ahe« will ,e«,l, in differeneea b«we«, ret«:tive indieea of 
.d;o,n,„g layer, fe, p,.^ ,„ ^ 

■Sh. .n bolh p,^ of poUHaa.i„„ 3,^^^ ^^^^ ^ 

the reft.a,v. indice. a«.da,«i wiih ,bo« axe. ofelongation fr.„ ,.^4 .„ ^ 
1.75. compared ,0 *. unia»al «lue of 1 Therefore ,0 e,e.« . dieleaHc n^r 
wth 99 pereem reSeoivity (««, ^ „ ..^^^ ^ ^ 

reftacv. inde, coPET i. preferred a. Uie .deaed polymer. Optical modeling 



^ ■ ■L""••■- 



- • c; aai; u; tnc visioic 
spectr... 3. ovc.Upp.ng quarterwave stacks, has the predicted performance 
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.!« «h,b„. rd„»dy mo™ ,ym™«„c ,.flec,iv= p™peni„ „d rd.,iv.ly 

polarizing properties. 

If dc»,cd. ,w„ », „„„ shea, „f be „^ i„ , 

compel,. ,0 ,.„.,«^. ^ 

wiii retlect, at somewhat jn-Mtir ^fl?;^;-^^. .... 

.hcWe, Of pairs of ^,„„ ^ ^ ^ 

compose «.«,dl«,.cro«. broader b.^ Width taU,.i,^iv,d„^^„ A 
. conposi-o co.bi»„, n^rror sh«« with pol,^ , ,^ . 

•ou, reflec.^ while „i„ po,„«„, ^ ^ 

refleaive and polarizing properties. 

apphcauon .s based on t^phtha^c. isophthalic. sebacic. azcJaic or 

cyclohexanedicarboxyJic add to attain the lowest nn^cw ■ 

m,;„,.- .iu • P refractive index while still 

nuuntaining adhesion to Uie PEN layers Nanhfh,u ^- ^ 

, . ^ " Naphthalene dicarboxylic acid may still be 

employed .n mmor amounts to improve the adhesion to PEN The diol com' 
20 n«y be taken from any that have been Drevi. i • ^^'^ «""Pon«« 
sel««^ . u "'"^""^'y Preferably the 

^ccted po^^er has an index of refraction of less than 1 .55 and more preferably .„ 
index of re&iction of lea thm 1.55. >'"™>iyin 

1. h no. re,uired .h.. Uie selected polymer be . copolyeae, or 
copolycrt^nare. Vi., po^er, 

™* be employed. Conden«.io.,po,yme„o,H„rt„^,^^^„^ 

polycarbonates micht aUn mc.^;.? . 

, ' ■ r- put rt m. 

3...unajcnc l-ouds ar.c naiogcm suci 

•ii cnjonne, oromine 

uocu. .n increasing the refractive index of the 
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'd^^ poiymer .0 .h. d«,„d (,.59 ,„ ,„ 

n*.c.v. of PEN .„oci.,.d , 

for use in a mirror. 

omh.d p,o,.ao, JO. p„;»„ 30 is . wyp. p^jecor. „d ha, 

many features of a conventional nv#.r»,«^ • . .. 

p.y,ev,iw,, mauoing a base 32 and a 



m an 



m^o. head M. pro;„io. " i, „ ^ ^ „ ^ 

sho^,, Much t= ,.i„d or low^ ^,.,.6, „^ ^ 

a l,8l„ sou™ 3«. . ^ ^ ^ ^ 

approp™,. ^ oon^.„„ „ . ^, ^. ^ ■ 



" "«S^ly««=i'l»rmfc,focusi.,B^^^^;;'~^^^ 



-w » vwiivcnuonaj ov< 
■nciudes a transparent sheet such as glass typically having at icast 



ha.ng . ... ■ , ^ ^^^^^^ 

such as to a nearby projection sere, or surface by conventional opdcs such as a 
mirror 42 and lens 44 located within the head 34. 

20 . . advantageously used™ 

20 -^head projector 30 to reflect the heat-produdng infrared en^Ir T 
ini.rr. k i ""u«ng imrared energy from the 1 ght 

™- . os^ « . *o. «s is esp^, 

^='^"e^.if»»«™l..d,«.c«««c«siv.,..„g.f,^ 
««p.encies or tCD p™;«Uo„ P«. p,.^ ^. 

source J6 and the Droierf»on rt,o. -^n -n 



the prcjcctioii stage. 



'crwecn tne ugnt sourr^- anH rh. 
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AJtcmativcly. the mirror 46 can be used in the overhead projector 30 as 
a cold mtrro, that is a m,rror that reflects visible light, while transmitting infrared 
energy. The mirror of the present invention may aJso be positioned as a folding 
n..rror (not shown) between the light source 36 and the projection stage 40 
5 Reflectance of a multilayer cold mirror can easily approach 95 percent for visible 
hght. The mirror of the present invention can be applied as a cold mirror coating to 
a sphencal concave reflector such as reflector 38 that is placed behind the light 
source 36 to collect and redirect visible light emitted from the light source while 
transmitting infrared energy. 

10 Orientation of the extruded film was done by stretching individual 

sheets of the material in heated air. For economical produaion. stretching may be 
accomplished on a continuous basis in a standard length orienter. tenter oven, or 
both. Economies of scale and line speeds of standard polymer fllm production may 
be achieved thereby achieving manufacturing costs that are substantially lower than 
1 5 costs associated with commercially available absorptive polarizers. 

Lamination of two or more sheets together is advantageous, to improve 
reflectn^ty or to broaden the bandwidth, or to form a mirror from two polarizers 
Amorphous copolyesters are useful as laminating materials, with VITEL Brand 
3000 and 3300 from the Goodyear Tare and Rubber Co. of Akron. Ohio, noted as 
0 materials that have been tried. The choice of laminating material is broad with 
adheston to the sheets 1 0. optical clarity and exclusion of air being the primary 
guiding principles. 

I> may be desirable to .dd .o one or more of d« „„.„ „^ 
^ or cn^ni. .d;„v«« «„s „ „ „,^,„, ^ 
ul«v.ol« ,^ .b„rt>e,, n^„. ^ p,„j^„„ ^^0. like i ' 

*• " • 8. V. s.,_ .,..1 J ^„ ^ [ 

- ....... Li.t ^jicicni invention in any way. 
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EXAMPLE 1 

PEN and a 70 naphthaJate^O tercphthalate copolyester (coPEN) were 
synthesized in a standard polyester resin Icettle using ethylene glycol as the diol 
The intrinsic viscos,ty of both the PEN and the coPEN was approximately 0 6 dl/g 
5 Smgleiiayer films of PEN and coPEN were extmded and then uniaxially stretched, 
with the sides restrained, at approximately 150'C. As extruded, the PEN exhibited 
an isotropic refraaive index of about 1.65. and the coPEN was characterized by an 
isotropic refractive index of about 1.64. By isotropic is meant that the refractive 
.nd.ces associated with all axes in the plane of the film are substantially equal Both 
1 0 refraaive index values were observed at 550 nm. After stretching at a 5: 1 stretch 
rat.0. the refractive index of the PEN associated with the oriented axis increased to 
approximately 1.88. The refractive index associated with the tnmsverse axis 
dropped slightly to 1.64. The refractive index of the coPEN film after stretchmg at 
a 5:1 stretch ratio remained isotropic at approximately 1.64. 

A satisfactoo, multilayer polarizer was then made of alternating layers 
of PEN and coPEN by coextrusion using a 5 1-slot feed block which fed a standard 
extrusion d,e. The extrusion was run at approximately 295T. The PEN was 
extruded at approximately 23 Ib^r and the coPEN was extruded at approximately 
22.3 Ib/hr. The PEN skin layers were approximately three times as thick as the 
2 0 layers within the extruded film stack. All internal layers were designed to have an 
optical 1/4 wavelength thickness for light of about 1300 nm. The 5 Mayer suck 
was extruded and cast to a thickness of approximately 0.0029 inches, and then 
uniaxially stretched with the sides restnuned at approximately a 5: 1 stretch ratio « 
approximately 150-C. The stretched film had a thickness of approximately 0 0005 
25 inches. 

The stretched film was then heat set for 30 seconds at approximatelv 

"uk ■ h ■ 

- ■■ H. I 

..:c:..^CJ a;.^ .„,-;. .^.^^ suosequentiy neat sei. 
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Figurc 5 is a graphical view of percent measured transmission of the 5 1 
layer stack in both an oriented direaion 50 and in a transverse d.rection 52 prior to 
heat setting. 



were 



Eight 5 1 -layered polarizers, each made as described above 
5 combi^d usmg a fluid to eiimmate the air gaps forming a polarizer of 408 optical 
layers. F.gure 6 is a graph that characterizes the 408 Uyers showing percent 
tninsm,ss,on from 350 to 1.800 nm in both an oriented direction 54 and in a 
transverse direction 56. 

EXAMPLE 2 

i 0 A satisfactoo^ 204.1ayered polarizer was made by extruding PEN and 

COPEN in the 5 1-slot feedblock as descn-bed in Ex^nple 1 and then employing two 
layer doubling multipliers in series in the extrusion. The multipliers div.de the 
extmded material exiting the feed block into two half-width flow streams then 
suck the half-width flow streams on top of each other. U.S. Patent 3.565 985 
1 5 dcscnbe, simUar coextrusion multipliers. The extnision was performed at 

approximately 295'C using PEN at an intrinsic viscosity of 0.50 dl/g at 22 5 Ib/hr 
while the coPEN at an intri«ic viscosity of 0.60 dl/g was nin at 16.5 Ib/hr The 
cast web was approximately 0.0038 inches in thickness and was uniaxially stretched 
at a 5: 1 rat.o in a longitudinal direction with the sides restrained at «, «r 
20 temperature of 140«C during stretching. Except for skin layers. .1 p.„ of iay« 
were designed to be 1/2 wavelength optical thickness for 550 nm light In the 
transm.ssion spectra of F.gure 7 two refleaion peaks in the oriented direcuon 60 
are ev,dent from the transmission spectra, centered about 550 nm. The double peak 
.s most likely a result of fllm e^ors introduced in the layer multipliers, and the broad 
background a result of cumulative film errors throughout the extrusion and casting 
process. The transmission spectra in the transverse direction is indicated bv 58 
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Two 204-)aycr polarizers made as described above were then hand- 
lam-nated using an optical adhesive to produce a 408-layered filn, stack. Preferably 
the refractive index of the adhesive should match the .ndex of the isotropic coPEN 
layer. The reflection peaks evident in Figure 7 are smoothed out for a laminated 
5 sample, as shown in Figure 8. This occurs because the peak reflectivity occurs at 
d.frerent wavelengths for different areas of the film, in a random pattern. This effect 

is often referr^'^ tn ac "f^Am^^^^^^n t • 

.. . ^.unauon oi two tiims reduces iridescence 

because the random variations „, color do not match from one film to another and 
tend to cancel when the films are overiapped. 
1 0 Figure 8 illustrates the transmission dau in both the oriented direction 

64 and transverse direction 62. Over 80 percent of the light in one plane of 
polarizauon is refleaed for wavelengths in a range from approximately 450 to 650 
nm. 

c«.»=d - o„. ».vde.^^ h« „o color ««o„ ^ ^ . 
M«p,e suck. d«,g«d ,0 ^ „^ ^ ^ .^^^^^ 

number of 1,^. TO. is . g,.,, ^„,.„^ ^ 

proper Uycr .hido^ co„«, ^ ^ 
l.«d op,.cai nodding has ,Kow„ ^ ^ ^„ „ 
mos. of U» vis*!. ,p«n,™ ^ ^ ^ ^ ^^^^^^ 

poian^ if .hc iayc „. „^„^ ^ 

man or equal to 1 0 percent. 
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nicat Behavi or of Mllltilay>.r g |^^l.. 

The optical behavior of a multilayer stack 10 such as that shown above in 
F.gs. la and lb will now be described in more general terms. The multilayer stack 
10 canincludcs hundreds or thousands of layers, and each layer can be made from 
any of a number of different materials. The characteristics which 

choice of materials for a particular stack depend upon the desired opt.cal 

performance of the suck. 

The stack can contain as many materials as there are layers in the stack For 
case of manufacture, preferred optical thin film stacks contain only a few different 

• natenals. For purposes of illustr^ion. the present discussion will describe 
mululayer stacks including two materials. 

Tl,e boundaries between the materials, or chemically identical materials with 
Afferent physical properties, can be abrupt or gradual. Except for some simple 
1 5 wtth analytical soluUon,. analys.. of the latter type of stratified media with 

contmuously varying Index is usually tre«ed as a much larger number of thinner 
umform layers having abrupt boundaries but with only a small change in propenies 
between adjacent layers. 

Th. refleaance behaVor at any angle of incidence, from any azimuthal 
d,rect.on, is determined by the indices of refraction in each film layer of the film 
stack. If we assume that all layers in the film stack receive the same process 
conditions, then we need only look at a single interface of a two component suck 
to underst«,d the behavior of the emire suck as a function of «,gle 

For simplicity of discussion, therefore, the optical behavior of a single 
25 interface will be described. It shall be understood, however, that an actual 
multilayer stack according to the principles described h.r.in r.„u . 



I 3 t' ^_ . . ■> » r u 1 ..... ^ 



..cnatc. .ucn a. one snown ,n r.g iu. tne retlect,v„v « , 
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incidence for s and p poIan«d light for a plane of incidence including the z-ax.s and 
one m-plane opiic axis will be plotted. 

Fig. 10 shows two material f51n, layers forn«„g a single interface, with both 
.mmersed .nan isotropic medium of index no. For simplicity of illustration the 
5 present^discussion will be directed toward an orthogonal multilayer birefnngent 
system w,th the opUcal axes of the two materials aligned, and with one opuc axis 
' ^ " «her optic «tes along the x and y «ci$ 

It shall be understood, however, that the optic axes need not be orthogonal and 
that nonothorgonal systems are well within the spirit and scope of the present 
1 0 mvention. It shall be further understood that the optic «ces also need not be aligned 
w,th the film axes to fall within the intended scope of the present invention 

The basic mathematical building blocks for calculating the optics of any 
stack of films of any thickness, are the well known Fresnel reflection «,d 
trarumission coeffidents of the indi^dual film interfaces. The Fresnel coefficients 
predict the magnitude of the reflectivity of a given interface, at any angle of 
incidence, with separate formulas for s and p.polari«d fight. 

-^^^^^^vityofa dielectric interface varies as a funaion of angle of 
ancdence. and for isotropic materials, is vastly different for p «,d s polarized light 

T^-«fle«ivity minimum for p polarized light is due to the so called Brewster 
cfrec, «,d the angle at which the reflectance goes to zero is referred to as 
Brewster's angle. 

The rdleconc. bctavio, of „y ftm ,^ ^ 

tocmi^d ^ ,h. did«Hc Of all fita involved. A la^ 

Ell,p«,„^ ^ Poland Ligl»- ^ North-Hotod. 1987. Th= ^ 

proce«i d,™nly from ,te mjvcmll, wdl know, M«wdrs e,o,M,«. 
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equations I and 2. respectively Equations 1 and 2 are valid for uniaxial orthogonal 
systems, with the axes of the two components aligned. 

1) r„ - n2z'n2n>/rnlz^.nn^^jr,^( 

^ n2z • n2o V(nlz^ - noWS) + nlz • nlo V;;S^ .'nSe) 

' ■ vinio - n p-sin-H) • V( . 

V(nlo' - no'sin^) + V(n2o^ - no^sin^) 
1 0 where 8 is measured in the isotropic medium. 

In a uniaxial birefnngent system, nix - nJy - „io. and n2x - n2y - n2o 
For a biaxial birefnngent system, equations I and 2 are valid only for light 
wtth .ts plane of polarization parallel to the x-z or y-z planes, as defined in Fig ,0 
15 So. for a biaxial system, for light i«:ident in the x-z plane, nlo - nix and n2o » „2x 
m equation 1 (for p.polarized light). «d nlo - „,y .„d n2o - n2y in equation 2 (for 
s.pol«ized light). For light incident in the y-z pl«,c nlo - nly «,d n2o - n2y in 

equation I (forp-polarized light). «,d nlo - nix «.d „2o -n2x in equation 2 (for 
s-polarizcd light). 

20 Equations 1 and 2 show that reflectivity depends upon the indices of 

refraction in the x. y «,d z directions of each material in the stack. In an isotropic 
matenal. all three indices are equal, thus nx - ny - nz. The relationship between nx, 
ny and nz determine the optical characteristics of the material. Different 
relationships between the three indices lead to three general categories of materials- 
25 isotropic. un.axially birefnngent. and biaxially birefnngent. 

A uniaxially birefnngent material is defined as one in which the index of 
refraction in one direction is different from the indices in the other two directions 
For purposes of the present dhcu^^inr r_ ^ . 



■■ ' "•■! '1 " t f-i r - 

■•■'<■'* t K I \...' i .. ■ ■■ .... 



acnnca as trie in-oiane axes anrt rh^ r^rr.*^ 

, , .nu.wc;,, ana ny. wii] be referred to 

as the in-plane indices. 
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15 



One method of creating a uniaxial birefnngent system is to biaxiaJJy stretch 
a polymeric multilayer stack (e.g.. stretched along two dimensions). Biaxial 
stretching of the multilayer stack results in difference, between refractive indices of 
adjotning layers for planes parallel to both axes thus resulting in reflection of light in 
both planes of polarization. 

Aumaxial birefringent material can have either positive or negative umaxial 
b!rcfhng„.ce. Positive uniaxial birefringence occurs when the z-index is greater 
than the in-plane imiices (nz > nx and ny). Negative uniaxial birefringence occurs 
when the z-mdex is less than the in-plane indices (nz < nx and ny). 

A biaxial birefringent material is defined as one in which the indices of 
refraction in all three axes are different. e.g.. nx . ny «„z. Again, the nx and ny 
.nd.ces will be referred to as the in-pUne indices. A biaxial birefringem system can 
be made by stretching the multilayer stack in one direction. In other words the 
stack is uniaxially stretched, for purposes of the present discussion, the x direction 
wJl be referred to as the stretch direction for biaxial birefringent st«Jcs 



^^303 PCT/US94/14323 



-21- 



irrori 



Uniaxial Birtirfringent .Sv^tym. 

The optical propenics of uniaxial birefringent systems will now be 
discussed. As discussed above, the general conditions for a uniaxial birefringent 
5 material are nx - ny . nz. Thus if each layer 102 and 104 in Fig. 10 is uniaxially 
b-rcfongcnt, nix = nly and n2x = n2y. For purposes of the present discussion. 
«su.«e that layer 102 has larger in-plane indices than layer 104. and that thus nl > 
n2 .n both the x and y directions. The optical behavior of a uniaxial birefringent 
multilayer system can be adjusted by varyng the values of nlz and n2z to .ntroduce 
1 0 different levels of positive or negative birefringence. 

Equation 1 described above can be used to determine the reflectivity of a 
single interface in a uniaxial birefringent system composed of two layers such as that 

shown in Fi^ ,0. Eq-tion 2. for s polarized light, is easily shown to be identical to 
that of the simple case of isotropic films (nx - ny - nz). so we need only ex«™„e 

15 equation 1. ^or purposes ofillustration. some spedfic. although generic, values for 
the am mdices will be assigned. Ut nix = nly = 1.75, nlz - variable. n2x = n2y - 
1.50. and n2z - variable. In order to illustrate various possible Brewster angles in 
this system, no - 1 .60 for the surrounding isotropic media. 

Fig. 1 1 shows reflectivity versus «,gle curves for p-polarized light incident 
from the isotropic medium to the birefringent layers, for cases where nlz is 
numerically greater than or equal to n2z(nlz.n2z). The curves shown in Fig „ 
are for the following z-index values: a) nlz -|.75. n2z - 1.50; b) nlz - 1 75 „2z 
-I.57;c)nlz...70.n2z-1.60;d)nlz-,.65.n2z.|.60; e)nlz«1.61 liiz- 
I.60;«,d0nlz- 1.60.n2r ^s nlz approaches n2z. the Brewster angle. U.e 
> »glc « which reflectivity goes to zero, increases. Curves a - e are strongly angular 
dependent. However, when nlz = n2z (curve f). there is no angular dependence to 



. o;;... rjuauu, c^acci .nc anguiaj mocpenacni torm 
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(n2o - nloy(n2o ^ nlo). When nlz » n2z, there is no Brewster effect and there .s 
constant reflectivity for all angles of incidence. 

Fig. 12 shows reflectivity versus angle of incidence curves for cases where 
nlz is numerically less than or equal to n22. Light is incident from isotropic 
5 mediun, to the birefnngent layers. For these cases, the reflectivity monotonically 
mcreases with angle of incidence. This is the behavior that would be observed for 
5-poiarizcd light. Curve a in F.g. 12 shows the single case for s polarized light. 
Curves b-e show cases for p polarized light for various values of nz, in the 
following order: b) nlz -1.50. n2z - 1.60; c) nlz - 1.55. n2z - 1 60 d) nlz 
10 «1.59.n2z»1.60; and e) nlz- 1.60- n2z. Again, when nlz - n2z (curve e) 
there ,s no Brewster effect, and there is constant reflectivity for all angles of ' 
incidence. 

Fig. 13 shows the same cases as Fig. 1 1 and 12 but for an incident medium 
ofmdex„o-1.0(air). The curv« in Fig. 13 are plotted for p polarized light at a 
1 5 smgle mterftce of a posiuve uniaxial material of indices n2x - n2y - 1 50 n2z - 
1.60. and a negative uni«dally birefnngent material with nix - „jy - [ 75 
values of nlz. in the following order, from top to bottom, of: a) 1 .50 b) 1 55- c) 
1-59; d) 1.60; f) 1.61; g) ,.65; h) 1.70; «,d i) ,.75. Again, as was shown in Figs 
1 1 and 12. when the values of nlz a™, „2z match (cun^e d). there is no angular 
2 0 dependence to reflectivity. 

Figs. 1 1. 12 and 13 show that the crossover from one type of behavior to 
another occurs when the z-axis index of one film equals the z-ax,s index of the other 
film. This ,s true for several combinations of negative «,d positive uniaxially 
b.refr,„ge„t, «,d isotropic materials. Other situations occur in which the Brewster 
2 5 angle is shifted to larger or smaller angles. 

Various possible relationships between in.plane indices and z-axis indices 



^c. .,^.c oeg.ns a. t.c ,ctt w,.h .wo .sotrop.c films, where the z-.ndex equals the 
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in-plane indicei. As one proceeds to the right, the in-plane indices are held constant 
and the various z-axis indices increase or decrease, indicating the relative amount of 
positive or negative birefringence. 

The case described above with respect to Figs. 1 1, 12, and 13 is illustrated 
5 in Fig. 1 4. The in-plane indices of material one are greater than the in-plane indices 
of material two. material 1 has negative birefringence (nlz less than in-plane 
indices), and maieriai two has positive birefringence (tOz greater than in-plane 
indices). The point at which the Brewster angle disappears and reflectivity is 
constant for all angles of inddence is where the two z-axis indices are equal. This 
poim corresponds to curve fin Fig. 1 1. curve e in Fig. 12 or curve d in Fig. 13. 

In Fig. 15. material one has higher in-plane indices than material two. but 
material one has positive birefringence and material two has negative birefringence. 
In this case, the Brewster minimum can only shift to lower values of angle. 

Both Figs. 14 and 15 are valid for the limiting cases where one of the two 
filn« is isotropic. The two cases are where material one is isotropic and material 
two has positive birefringence, or material two is isotropic and material one has 
negative birefringence. The point at which there is no Brewster eflFect is where the 
z-axis index of the birefringent material equals the index of the isotropic film. 

Another case is where both films are of the same type, i.e.. both negative or 
both positive birefringent. Fig. 16 shows the case where both films have negative 
birefringence. However, it shall be understood that the case of two positive 
birefringent layers is analogous to the case of two negative birefringent layers 
shown in Fig. 16. As before, the Brewster minimum is eliminated only if one z-axis 
index equals or crosses that of the other film. 

Yet another case occurs where the in-plane indices of the two materials are 
equal, but the z-axis indices differ. In this case, which is a subset of all three cases 



' """" ■ ■'■•'-:^"i'.-air. Aiin ir.c.'casing angle w 

;c:d£r.ce Th<i iypc of anicic nas increasing refleamty for p-polanzed light as 
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angle of incidence increases, and is transparent to s-polarized light. This aniclc can 
be referred to, then, as a "p-polarizer". 

Those of skill in the an will readily recognize that the above described 
principles describing the behavior of uniaxially birefringent systems can be applied 
5 to create the desired optical effeas for a wide variety of circumstances. The indices 
of refraction of the layers in the multilayer stack can be manipulated and tailored to 
produce devices having the desired opdcal properties. Many negative and positive 
uniaxial birefringent systems can be created with a variety of in-plane and z-axis 
indices, and many useful devices can be designed and fabricated using the principles 
1 0 described here. 
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Biaxial Birefrin^gn t Systems rPolari^er^) 

Rcfcning again to Fig. 10, two component orthogonal biaxial birefnnBeni 
systems will now be described. Again, the system can have many layers, but an 
understanding of the optical behavior of the stack is achieved by examining the 
5 optica]|behavior at one inter&ce. 

A biaxial birefringent system can be designed to give high reflectivity for 
light with its plane of polarization parallel to one axis, for all angles of incidence, 
and simultaneously have low refleaivity for light with its plane of polarization 
parallel to the other axis at all angles of incidence. As a result, the biaxial 
. 0 birefringent system acts as a polarizer, transmitting light of one polarization and 
reflecting light of the other polarization. By controlling the three indices of 
refraction of each film, nx, ny and nz, the desired polarizer behavior can be 
obtained. 

The multilayer refleaing polarizer of PEN/coPEN described above is an 
5 example of a biaxial birefringent system. It shall be understood, however, that in 
general the materials used to construct the multilayer stack need not be polymeric. 
Any materials felling within the general principles described herein could be used to 
construct the multilayer stack. 

Referring again to Fig. 10, we assign the following values to the film indices 
) for purposes of illustration: nix - 1.88, nly » 1.64, nlz» variable, n2x= 1.65, 
n2y - variable, and n2z » variable. The x direction is referred to as the cxtinaion 
direaion and the y direction as the u^smission direction. 

Equation 1 can be used to predia the angular behavior of the biaxial 
birefiingent system for two imponani cases of light with a plane of incidence m 
either the stretch or the non-stretch directions. The polarizer is a mirror in one 
polarization direction and a window in the other direction. In the stretch direction, 
'he laree index diflTerential of 1 88 - » 6^ = n 7-: a mulrilavr- ^^:irV v^nrh Hvmrfrrd^ 

:ne retlectance at vanous angles aepenos on tne ni zJnlz index differential 
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In most applications, the ideal refleaing poianzer has high reflectance along 
one axis and zero reflectance along the other, at all angles of incidence If some 
reflectivity occurs along the transmission axis, and if it is different for various 
wavelengths, the efficiency of the polarizer is reduced, and color is introduced into 
5 the transmitted light. Both effects are undesirable. This is caused by a large z-index 
mismatch, even if the in-plane y indices are matched. The resulting system thus has 
large reflenivity for p. and is highly transparent to $ polarized light. This case was 
referred to above in the analysis of the mirror cases as a "p polarizer". 

Fig. 17 shows the reflectivity (plotted as -Logfl-RJ) at 75" for p polarized 
1 0 Ught with its plane of incidence in the non-stretch direction, for an 800 layer stack of 
PEN/coPEN. The reflectivity is plotted as function of v^velength across the visible 
spearum (400 - 700 nm). The relevant indices for curve a at 550 nm are n ly = 1 .64. 
niz - 1.52, n2y - 1 .64 and n2z - 1.63. The model stack design is a simple linear 
thickness grade for quarterwave pairs, where each pair is 0.3% thicker than the 
1 5 previous pair. All layers were assigned a random thickness error with a gaussian 
distribution and a 5% standard deviation. 

Curve a shows high off-axis reflectivity across the visible spearum along the 
transmission axis (the y-axis) and that different wavelengths experience different 
levels of reflectivity. Since the spearum is sensitive to layer thickness errors and 
2 0 spatial nonuniformities. such as film caliper, this gives a biaxial birefringent system 
with a very nonuniform and "colorfiiP appearance. Although a high degree of color 
may be desirable for certain applications, it is desirable to control the degree of off- 
axis color, and minimize it for those applications requiring a uniform, low color 
appearance, such as LCD displays or other types of displays. 
25 If the film suck were designed to provide the same reflectivity for all visible 

wavelengths, a uniform, neutral gray refleaion would resuk. However, this would 
require almost perfect thickness contori Instead, off-axis reflectivity and off-axis 
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indice5 (n.y and n2y) that create a Brewster condu.on offax^s. wmle keeping the s- 
polarization reflectivity to a minimum. 

Fig. 18 explores the effect of introducing a y.index mismatch in reducmg 
off-axis refleaivty along the transmission axis of a biaxial birefringent system 
5 With niz = 1.52 and n2z - 1.63 (Anz » O.I 1). the following conditions are plotted 
for p polarized light, a) nly - n2y - 1.64. b) nly- 1.64. n2y - 1.62; Only- 
1.64. n2y. 1.66. Curve a shows the reflectivity where the in-plane indices nly and 
n2y are equal. Curve a has a reflectance mi^mum at 0', but rises steeply after 20- 
For curve b. nly > n2y. and reflectivity increases rapidly. Curve c. where nly < 
1 0 n2y. has a reflectance minimum at 38». but rises steeply thereafter. Considerable 
. refleaion occurs as well for s polarized light for nly . n2y. as shown by curve d 
Curves a -d of Fig. 18 indicate that the sign of the y-index mismatch (nly - n2y) 
should be the same as the z-index mismatch (nlz- n2z) for a Brewster minimum to 
«ust. For the case of nly - „2y. refleaivity for s polarized light is zero at all 
1 5 angles. 

By reducing the z-axis index difference between layers, the off axis 
reflectivity can be further reduced. If nlz is equal to „2z. Fig. 13 indicates that the 
extmcuon axis will still have a high reflectivity off-angle as it does at normal 
mcidence. and no reflection would occur along the nonstretch axis at any angle 
20 because both indices are matched (e.g.. nly - n2y and nlz - n2z). 

Exact matching of the two y indices and the two z indices may not be 
possible in some polymer systems. If the z-axis indices are not matched in a 
polarizer construction, a slight mismatch may be required for in-plane indices nly 
andn2y. Another ex«„pie is plotted in HG. 19. assuming nlz - 1.56andn2z- 
25 1.60 (Anz . 0.04). with the following y indices a) nly « 1.64, n2y = 1.65; b) nly - 
1.64. n2y- 1.63. Curve c is for s-polarized lieht for efthsr ca.r r,,.... , „ 
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The computed off-axis refleaance of an 800 layer stack of films at 75° angJe 
of incidence with the conditions of curve a in F.g 19 is plotted as curve b m Fig 17 
Comparison of curve b with curve a in F.g 1 7 shows that there is far less off-axis 
reflectivity, and therefore lower perceived color, for the conditions plotted in curve 
b. The relevant indices for curve b at 550 nm are nly = 1.64. nlz = 1.56. n2y = I 65 
and n2z« 1.60. 

Fig. 20 shows a contour plot of eouation i whirh «,mm,w-,., .w- 
reflectivity discussed in relation to Fig. 10 for p-polarized light. The four 
independent indices involved in the non-stretch direction have been reduced to two 
index mismatches. Anz and Any. The plot is an average of 6 plots at various angles 
of incidence from 0- to 75" in 15 degree increments. The refleaivity ranges from 
OAx lO-' for contour a, to 4.0 x 10^ for contour j. in constant increments of 0.4 x 
10 The plots indicate how high reflectivity caused by an index mismatch along 
one optic axis can be of&et by a mismatch along the other axis. 
1 5 Thus, by reducing the z-index mismatch between Uyers of a biaxial 

birefringent systems, and/or by introducing a y-index mismatch to produce a 
Brewster effect, off-axis refleaivity. and therefore off-axis color, are minimized 
along the transmission axis of a multilayer reflecting polarizer. 

It should also be noted that narrow band polanzers operating over a narrow 
2 C wavelength range can also be designed using the principles described herein. These 
can be made to produce polarizers in the red. green, blue, cyan, magenta, or yellow 
bands, for example. 



Materials Selectinn anri pn^ftj^inp 

With the above-described design considerations esublished. one of 
ordinary skill will readily appreciate that a wide vanety of matenaJs can be used 

i k fc_L t,. . . I 

x-:iic. .;-.cc: .jnciaori. :,ciccicu >u viciu mc oesircu rcrraciive inaex 
relationships. In general, all that is required ,s that one of the matenaJs have a 
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different index of refraction in a selected dirccuon compared to the second 
material. This differential can be achieved in a varictv of wavs, mcludin^y 
Stretching during or after film formation (e.g.. in the case of organic polymers), 
extniding (e.g., in the case of liquid crystalline materials), or coaun". In 
5 addition, it is preferred that the two materials have similar rheologicaJ properties 
(e.g., melt viscosibes) such that they can be co-extnided. 

... gw..w.a., .p^twt/ttttic wwitiwiiiauuii^ liMy oc dcnicveo oy selecting, as the 
first material, a crystalline or semi-crystalline organic polymer and an organic 
polymer for the second material as well. The second material, in turn, may be 
1 0 crystalline, semi-crystalline, or amorphous, or may have a birefringence opposite 
that of the first material. 

Specific examples of suitable materials include polyethylene naphthalate 
(PEN) and isomers thereof (e.g.. 2,6-, 1.4-. 1,5-. 2,7-, and 2,3-PEN), 
polyalkylene terephthalates (e.g., polyethylene terephthalate. polybutylene 
1 5 terephthalate, and poly-l,4.cyclohexanedimethylene terephthalate). polyimides 
(e.g., polyacrylic imides), polyetherimides, atactic polystyrene, polycarbonates, 
polymethacrylates (e.g., polyisobutyl methacrylate. polypropylmethacrylate, 
polyethylmethacrylate, and polymethylmethacrylate), polyacrylates (e.g.. 
polybutylacrylate and polymcthylacrylate). cellulose derivatives (e.g.. ethyl 
20 cellulose, cellulose acetate, cellulose propionate, cellulose acetate butyrate, and 
cellulose nitrate), polyalkylene polymers (e.g.. polyethylene, polypropylene, 
polybutylene, polyisobutylene, and poly(4-methyl)pentene). fiuorinated polymers 
(e.g.. pcrfluoroalkoxy resins, polytetrafiuoroethylene, tluorinated ethylene- 
propylene copolymers, polyvinylidene fluoride, and polychlorotrifluorocthylene), 
25 chlorinated polymers (e.g.. polyvinylidene chloride and polyvinylchloride). 
polysulfones, polyethersulfoncs. polyacrylonitrile. polyamides. silicone resins. 

.v.\OuLacicnc. _v. visoorr.i^. ^..-^ ..coD^=.^t,. jotvurctnanci. ^.^^ 
suitable are copolymers, e.g.. copolymers of PEN (e.g.. copolymers of 2,6-. 
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1,4-, lt5-, 2,7-, and/or 2,3-naphthaJcnc dicarboxylic acid, or esters thereof, with 
(a) tcrephihalic acid, or esters thereof; (b) isophihalic acid, or esters tnercof: (c) 
phthalic acid, or esters thereof; (d) alkane glycols; (e) cycloalkane glycols (e.g., 
cyclohexane dimclhanol diol); (0 alkane dicarboxylic acids; and/or (g) 
5 cycloalkane dicarboxylic acids (e.g. , cyclohexane dicarboxylic acid)). 

copolymers of polyalkylcne icrcphthalates (e.g.. copolymers of tercphthalic acid, 
or esters thereof, with (a) naphthalene dicarboxylic acid, or csien thereof; (b) 
isophihalic acid, or esters thereof; (c) phthalic acid, or esten thereof; (d) alkane 
glycols; (e) cycloalkane glycols (e.g., cyclohexane dimeihanol diol); (f) alkane 
0 dicarboxylic acids; and/or (g) cycloalkane dicarboxylic acids (e.g.. cyclohexane 
dicarboxylic acid)), and sryrene copolymers (e.g., styrene-butadicne copolymers 
and styrcne-acrylonitrile copolymers), 4.4-.bibauoic acid and ethylene glycol. In 
addition, each individual layer may include blends of two or more of the above- 
described polymers or copolymers (e.g., blends of SPS and atactic polystyrene). 
? Particularly preferred combinations of layers in the case of polarizers 

include PEN/co-PEN, polyethylene lerephlhalaic (PET)/co-PEN, PEN/SPS, 
PET/SPS, PEN/Eastair, and PET/Eastair, where "co-PEN" refers to a 
copolymer or blend based upon naphthalene dicarboxylic acid (as described 
above) and Easiair is polycyclohexanedimethylene terephthalate commercially 
available from Eastman Chemical Co. 

Particularly preferred combinations of layers in the case of mirrors 
include PET/Ecdel, PEN/Ecdel, PEN/SPS. PENHHV, PEN/co-PET. and 
PET/SPS, where "co-PET" refers to a copolymer or blend based upon 
lerephthalic acid (as described above), Ecdel is a thermoplastic polyester 
commercially available from Eastman Chemical Co., and THV is a 
fluoropolymcr commercially available from 3M Co. 

The number of lavrr^ ir ^hr drvirr ^rlrrrf^r^ m r,^him^> m ^.rr^,.r) 



:ri rne case or botn nnUny^r^ ;inn mirrnr^ m** niimnfr nt j-aw.ir ,r r^^mr^^i^i.. i.cr 
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ihan 10,000, more preferably less than 5,000, and (even more preferably) less 
Chan 2,000. 

As discussed above, the ability to achieve the desired relationships among 
the various indices of refraction (and thus the optical properties of the multilayer 
5 device) is influenced by the processing conditions used to prepare the multilayer 
device. In the case of organic polymers which can be oriented by stretching, the 
devices are eencrally prepared bv co^xtnidinE the individual oolvmers to form a 
multilayer film and then orienting the film by stretching at a selected 
temperature, optionally followed by heat-setting at a selected temperature. 
1 0 Alternatively, the extrusion and orientation steps may be performed 

simultaneously. In the case of polarizers, the film is stretched substantially in 
one direction (uniaxial orientation), while in the case of mirrors the film is 
stretched substantially in two directions (biaxial orientation). 

The film may be allowed to dimensionally relax in the cross-stretch 
1 5 direction from the natural reduction in cross-stretch (equal to the square root of 
the stretch ratio) to being constrained (i.e., no substantial change in cross-strcich 
dimensions). The film may be stretched in the machine direction, as with a 
length orienter, in width using a tenter, or at diagonal angles. 

The pre-stretch temperature, stretch temperature, stretch rate, stretch 
20 ratio, heat set temperature, heat set time, heat set relaxation, and cross-stretch 
relaxation arc selected to yield a multilayer device having the desired refractive 
index relationship. These variables are inter-dependent; thus, for example, a 
relatively low stretch rate could be used if coupled with, e.g., a relatively low 
stretch temperature. It will be apparent to one of ordinary skill how to select the 
25 appropriate combination of these variables to achieve the desired multilayer 

device. In general, however, a stretch ratio of 1:2-10 (more preferably 1:3-7) is 
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most preferably 1:3-7) and the strcrch rano along the second axis be in the range 
of 1>0.5-10 (more preferably I:I-7» and most preferably 1:3-6), 

Suitable multilayer devices may also be prepared using techniques such as 
spin coating (e.g., as described in Bocse et al., J. Polym. Sci.: Pan 30:1321 
5 (1992)^ and vacuum dcposinon; the latter technique is particularly useful in the 
case of crystalline polymeric organic and inorganic materials. 

The invention will now be described by way of the following examples. 
In the examples, because optical absorption is negligible, reflection equals 1 
minus tranmission (R « 1 - T). 

10 

Mirror Examples: 

P£T:Ecdel» 601 A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. Polyethylene 
lerephthalate (PET) with an Intrinsic Viscosity of 0.6 dl/g (60 wt. % phenol/40 
15 wt. % dichlorobenzene) was delivered by one extruder at a rate of 75 pounds per 
hour and Ecdcl 9966 (a thermoplastic elastomer available from Eastman 

extruder at a rate of 65 pounds per hour. 
PET was on the skin layers. The feedblock method (such as that described in 
U.S. Patent 3,801,429) was used to generate 151 layers which was passed 
2 0 through two multipiien producing an cxtrudate of 601 layers. U.S. Patent 
3,565,985 describes examplary coextrusion multipliers. The web was length 
oricnied to a draw ratio of about 3.6 with the web temperature at about 210'F. 
The film was subsequently preheated to about 235*F in about 50 seconds and 
drawn in the transverse direction to a draw ratio of about 4.0 at a rate of about 
15 6% per second. The film was then relaxed about 5% of its maximum width in a 
heat-set oven set at 400*F. The finished film thickness was 2.5 mil. 

The cast web produced wis rouph in trTMfrr on rhp sir ciH^ anri ^r^^v^rff.^ 
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al a 60*^ angle (curve b) is similar the value at normal incidence (curve a) (with a 
wavelength shift). 

For comparison, film made by Mearl Coqx>raiion, presumably of 
isotropic materials (see Fig. 22) shows a noticeable loss in reflccnviiy for p- 
5 polari^ light at a 60" angle (curve b, compared to curve a for normal 
inddence). 

PET:EcdeI, 151 A cocxtruded film containing 15 1 layers was made on a 
sequential flal-film-making line via a cocxtrusion process. Polyethylene 
1 0 tercphthalate (PET) with an Intrinsic Viscosity of 0.6 dl/g (60 wt phenoI/40 wi. 
% dichlorobenzene) was delivered by one extruder at a rate of 75 pounds per 
hour and Ecdel 9966 (a thermoplastic elastomer available from Eastman 
Chemical) was delivered by another extruder at a rate of 65 pounds per hour. 
PET was on the skin layers. The fecdblock method was used to generate 151 
1 5 layers. The web was length oriented to a draw ratio of about 3.5 with the web 
temperature at about 21G*F. The film was subsequently preheated to about 
2 15 'F in about 12 seconds and drawn in the transverse direction to a draw ratio 
of about 4.0 at a rate of about 25 % per second. The film was then relaxed about 
5% of its maximum width in a heai-set oven set at 400*F in about 6 seconds. 
2 C The finished film thickness was about 0.6 mil. 

The transmission of this film is shown in Figure 23. The % transmission 
for p-polarizcd light at a 60' angle (curve b) is similar the value at normal 
incidence (curve a) with a wavelength shift. At the same extrusion conditions the 
web speed was slowed down to make an infrared reflecting film with a thickness 
25 of about 0.8 mils. The transmission is shown in Fig. 24 (curve a at normal 
incidence, curve b at 60 degrees). 
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PEN:Ecdel, 225 A cocxtruded film containjng 225 layers was made by 
extruding the cast web m one opcrauon and later oncnting the film in a 
laboratory film-stretching apparatus. Polyethylene naphthalate (PEN) with an 
Intrinsic Viscosity of 0.5 dl/g (60 wt. % phcnol/40 wl % dichlorobcnzcne) was 
5 delivered by one extruder at a rate of 1 8 pounds per hour and Ecdel 9966 (a 
thermoplastic elastomer available from Eastman Chemical) was delivered by 
another extruder at a rate of 17 pounds per hour. PEN was on the skin layers. 
The fecdblock method was used to generate 57 layers which was passed through 
two multipliers producing an extrudate of 225 layen. The cast web was 12 mils 
0 thick and 12 inches wide. The web was later biaxially oriented using a 

laboratory stretching device that uses a pantograph to grip a square section of 
film and simultaneously stretch it in both directions at a uniform rate. A 7.46 cm 
square of web was loaded into the stretcher at about 100*C and heated to 130*C 
in 60 seconds. Stretchmg tnen commenced at 100%/scc (based on original 
5 dimensions) until the sample was stretched to about 3.5x3.5. Immediately after 
the stretching the sample was cooled by blowing room temperature air on it. 

Figure 25 shows the optical response of this multilayer film (curve a at 
normal incidence, curve b at 60 degrees). Note that the % transmission for 
polarized light at a 60** angle is similar to what it is at normal incidence (with 
some wavelength shift). 



PEN:THV 500, 449 A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later oriendng the film in a 
laboratory film-stretching apparatus. Polyethylene naphthalate (PEN) with an 
Intrinsic Viscosity of 0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 

-^ttj ww*«*w.w<« aaiwuiwi a TaiC \ji i 1 pOuiiuS per houi. PEN wii un 
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thc skin Uyen and 50% of the PEN was present in the two sidn layers. The 
feedblock method was used to generate 57 layers which was passed through three 
multipliers producing an extrudate of 449 layers. The cast web was 20 mils thick 
and 12 inches wide. The web was later biaxially oriented using a laboratory 
5 stretching device that uses a pantograph to grip a square section of film and 
simultaneously stretch it in both directions at a uniform rate. A 7.46 cm square 
of web was loaded into the stretcher at about lOO'C and heatwi ,n un»r ;« <n 
seconds. Stretching then commenced at 10»/sec (based on original dimensions) 
until the sample was stretched to about 3.5x3.5. Immediately after the stretching 
10 the sample was cooled by blowing room temperature air at it. 

Figure 26 shows the transmission of this multilayer film. Again, curve a 
shows the response at normal incidence, while curve b shows the response at 60 
degrees. 



15 



Polarizer Examples: 



PEN:CoPEN, 44J-Lo«r Color A coextnided film containing 449 layers was 
made by extruding the cast web in one operation and later orienting the film in a 
2 0 laboratory film-stretching apparatus. Polyethylene naphthaJate (PEN) with an 
Intrinsic Viscosity of 0.56 dl/g (60 wt. % phenoI/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 43 pounds per hour and a CoPEN (70 
mol% 2,6 NDC and 30 mol% DMT) with an intrinsic viscosity of 0.52 (60 wt. 
% phenol/40 wt. % dichiorobenzene) was delivered by another extruder at a rate 
25 of 25 pounds per hour. PEN was on the skin layers and 40 % of the PEN was 
present in the two skin layers. The feedblock method was used to generate 57 



■ K I Ix- . ,, .... ... 1 ; 



mizxiiliy Oi.enicu uiing a iaboracory scretcnmg device that uses a pantograph to 
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grip a square secoon of film and stretch it in one direction whiie it is constrained 
in the other at a uniform rate. A 7.46 cm square of web was loaded into the 
stretcher at about lOO'C and heated to 140»C in 60 seconds. Stretchinf then 
commenced at 10%/sec (based on original dimensions) until the sample was 
5 stretched to about 5.5x1. Immediately after the stretching the sample was cooled 
by blowing room temperature air at it. 

Figure 27 shows the transmission of this multilayer film. Curve a shows 
transmission of p-polaiized Ught at normal incidence, curve b shows transmission 
of p-polarized Ught at ec incidence, and curve c shows transmission of s- 
1 0 polarized Ught at normal incidence. Note the very high transmission of p- 
polarized Ught at both normal and 60" incidence (85-10096). Transmission is 
higher for p-polarized light at 60' incidence because the air/PEN intenace has a 
Brewster angle near 60°. so the tranmission at 60" incidence is nearly 100%. 
Also note the high extinction of s-polarized light in the visible range (400- 
1 5 700nm) shown by curve c. 



PENrCoPEN, 601-High Color A coextruded film containing 601 layers was 
produced by extruding the web and two days later orienting the film on a 
2 0 different tenter than described in all the other examples. Polyethylene 

Naphthalate (PEN) with an Intrinsic Viscosity of 0.5 dl/g (60 wt. % phenol/40 
wt. % dichlorobenzene) was delivered by one extruder at a rate of 75 pounds per 
hour and CoPEN (70 moI95 2.6 NDC and 30 moI% DMD with an IV of 0.55 
dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was delivered by another 
:5 extruder at a rate of 65 pounds per hour. PEN was on the skin layers. The 
feedblock method was used to generate 151 layers which was passed through two 



nc tiim was preheated to about 280'F in about 20 seconds and drawn m the 
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transverse direction to a draw ratio of about 4.4 at a rate of about 6% per 

second. The film was then relaxed about 2% of its maximum width m a heat-set 

oven set at 460'F. The finished film thickness was 1.8 mil. 

The transmission of the film is shown in Figure 28. Curve a shows 

transmission of p-polarized light at normal incidence, curve b shows mmsmission 
of p-polarized light at 60» incidence, and curve c shows transmission of s- 

, -ft... ». ..w...u>. ...w.wwib«.. ttuui uic iiuiiuiuionn transmission of p- 

polarized light at both normal and 60» incidence. Also note the non-uniform 
extinction of s-polarized light in the visible range (400-700nm) shown by curve 



10 c. 



PET:CoPEN, 449 A cocxtrudcd film containing 449 layers was made by 
extruding the cast web in one operation and later orienting the film in a 
5 laboratory film-stretching apparatus. Polyethylene Terephthalate (PET) with an 
Intrinsic Viscosity of 0.60 d^g (60 wt. % phenol/40 wi. % dichlorobenzene) was 
delivered by one extruder at a rate of 26 pounds per hour and CoPEN (70 mol % 
2.6 NDC and 30 mol% DMT) with an intrinsic viscosity of 0.53 (60 wt. % 
phenoI/40 wl % dichlorobenzene) was delivered by another extruder at a rate of 
0 24 pounds per hour. PET was on the skin layers. The feedblock method was 
used to generate 57 layen which was passed through three multipliers producing 
an extrudate of 449 layers. U.S. Patent 3,565,985 describes similar coextrusion 
multipliers. The cast web was 7.5 mils thick and 12 inches wide. The web was 
later uniaxially oriented using a laboramry stretching device that uses a 
pantograph to grip a square section of film and stretch it in one direction while it 
is constrained in the other at a uniform rate. A 7.46 cm square of web was 

:::c.-.in^ :.-.c;. wommcnca, ... ic. ,oaseu oa onginai uimcnsioni; unui mc 
sample was stretched to about 5.0x1 . Immediately after the stretching the sample 
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was cooled by blowing room icmperaiure air at it. The finished film thickness 
was about 1.4 mil. This film had sufficient adhesion to survive the onentation 
process with no delamination. 

Figure 29 shows the transmission of this multilayer film. Curve a shows 
5 transmission of p-polarized light at normal incidence, curve b shows transmission 
of p-polarizcd light at 60* incidence, and curve c shows transmission of s- 
poianzed light at normal incidence. Note me very high transmission of p- 
poiarized light at both normal and 60^ incidence (80-100%). 

10 PEN:coPEN, 601 A coextruded film coniaming 601 layers was made on a 
sequential flat-film-making line via a cocxtrusion process. Polyethylene 
naphthalate (PEN) with an intrinsic viscosity of 0.54 dl/g (60 wt % Phenol plus 
40 wt % dichloTobenzene) was delivered by on extruder at a rate of 75 pounds 
per hour and the coPEN was delivered by another extruder at 65 pounds per 
15 hour. The coPEN was a copolymer of 70 mole % 2.6 naphthalene dicarboxylatc 
methyl ester, 15 % dimethyl isophthalate and 15% dimethyl terephthalaie with 
ethylene glycol. The feedblock method was used to generate 151 layers. The 
fecdblock was designed to produce a gradient distribution of layers with a ration 
of thickness of the optical layen of 1.22 for the PEN and 1.22 for the coPEN. 
2 0 PEN skin layers were coextruded on the outside of the optical stack with a total 
thickness of 8% of the coextruded layers. The optical stack was multiplied by 
two sequential multipliers. The nominal multiplication ratio of the multipliers 
were 1.2 and 1.22, respectively. The film was subsequently preheated to 310T 
in about 40 seconds and drawn in the transverse direction to a draw ratio of about 
25 5.0 at a rate of 6% per second. The finished film thickness was about 2 mils. 

Figure 30 shows the transmission for this multilayer film. Curve a shows 

. K.>~poianzcu ngni ai caj inciacncc, diiu wur.c . snows Lransmission or y 
poianzed light at normal incidence. Note ihc very high transmission of p- 
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polarizcd light at both normal and 60° incidence (80-10055). Also note the ver\ 
high extinction of s-polarized light in the visible range (400-700nm) shown bv 
curve c. Extinction is nearly 100% between 500 and 650nm, 

5 For those examples using the 57 layer feedblock, all layers were designed 

for only one optical thickness (1/4 of 550nm), but the extrusion equipment 
introduces deviations in the laver thicknesses throuehoui the stack re^nirina in a 
fairly broadband optical response. For examples made with the 15 1 layer 
feedblock, the feedblock is designed to create a distribution of layer thicknesses 
10 to cover a portion of the visible spectrum. Asymmetric multipliers were then 
used to broaden the distribution of layer thicknesses to cover most of the visible 
spectrum as described in U.S. Patents 5,094,788 and 5,094,793. 



Although the present invemion has been described with reference to 
preferred embodiments, workers skilled in the an will recognize that changes may 
be made in form and detail without depaning from the spirit and scope of the 
invention. 
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CLAIMS 

1 . A multilaycred polymer film comprising a first body of a plurality of 

aliemating layen of a oysialline naphthalene dicarboxylic acid polyester and 
5 anothCT seleaed polymer wherein substantially all of the layers have a thickness of 
less than 0.5 micrometers and wherein the crystalline naphthalene dicarboxylic acid 
polyester layer has a higher index of refi^ciion associated with at least one in-plane 
axis than adjoining layers of the seleaed polymer 

10 2. The film of claim 1 wherein the crystalline naphthalene dicarboxylic add 

polyester is polyethylene naphthalate. 

3. The film of claim I wherein the refractive indices associated with at 
least one in-plane axis of adjoining layers are substantially equal after the body of 

1 5 plurality of layers has been stretched in one direction. 

4. The film of claim 3 wherein the crystalline naphthalene dicarboxvlic acid 
polyester layer exhibits a difference in index of refraaion associated with different 
in-plane axes of the film of at least 0 05. 

20 

5 The film of claim 4 wherein the difference in the index of refraction 

associated with different in-plane axes of the ciystaJline naphthalene dicarboxylic 
acid polyester layer along a plane of the film is at least 0.20 

25 6. The film of claim 3 wherein adjoining layers exhibit a difference in index 

of refraction associated with the orientation axis of at least 0.05. 
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The film of claim 3 wherein said film is a polarizer 



5 groups. 

I 



The film of claim 1 wherein said seieaed polymer contains naphthalene 



10. The film of claim 1 wherein the seieaed polymer is a copolyesxer or a 

copolycarbonate, 

10 11. The film of claim 10 wherein the copolyester is a reaaion product of 

naphthalene dicarboxylic acid or the ester of naphthalene dicarboxyiic acid in the 
range of 20 to 80 mole percent and isophthalic or terephthaiic acid or the esters of 
isophthalic or terephthaiic acid in the range of 20 to 80 mole percent with ethylene 
glycol. 

15 

12. The film of claim 1 0 wherein the selected polymer has a glass transition 

temperature that is lower than the glass transition temperature of the crystalline 
naphthalene dicarboxyiic acid polyester. 

2 C 13. The film of claim 1 wherein the selected polymer has a refraai ve index 

associated with the transverse axis of about 1.59 to 1.69 after beins uniaxiailv 
stretched. 

14. The film of claim I wherein the selected polymer is a reaaion product 

2 5 of isophthalic. azelaic. adipic. sebadc. dibenzoic. terephthaiic. 2.7- naphthalene 
dicarboxyiic. 2,6-naphthalene dicarboxyiic or cyciohexanedicarbo.xvlic acids. 



■■■■ »*w h. I i, ■. U,*., l. 
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teiramethylcne glycol, dicihylene glycol, cyclohexanedimethanol. 4-hvdroxv 
diphenoK bisphcnol A, or 1,8-dihydroxy biphenyl, l,3-bis(2- 
hydroxycthoxy)ben2ene. 



5 16. 



t 



The film of claim I wherein the film is uniaxially stretched. 



1 7. The film of claim 1 wherein the film is biaxially stretched. 

1 8. The film of claim 1 7 wherein the selected polymer has an index of 
1 0 refi^aion of less than 1.65. 

19. The film of claim 1 7 wherein the selected polymer has an index of 
reflection of less than 1.55. 



1 5 20. The film of claim 1 wherein the body is incorporated into another 

optical element. 

21. The film of claim 1 and fijrther including a second body comprising a 

plurality of alternating layers of a crystalline naphthalene dicarboxylic acid polyester 
2 C and another seleaed polymer wherein substantially all of the layers have a thickness 
of less than 0.5 micrometers and wherein the crystalline naphthalene dicarboxylic 
acid polyester layer has a higher index of refieaion associated with at least one in- 
plane axis than adjoining layers of the selected polymer wherein the first and second 
bodies are laminated to each other. 

25 

22. The film of claim 21 wherein the band of said first body and the band of 

said second body are substantially equal 
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23. The film of claim 21 wherein the band of said first body and the band of 
said second body are different. 

24. The film of claim 2 1 wherein both bodies have been stretched in one 
5 direction and the bodies have been positioned with respea to each other such that 

their respective orienuiion axes are rotated approximately 90^* to one another 

25. The film of claim 21 wherein one said body has been uniaxially 
stretched and the other body has been biaxially stretched. 

10 

26. The film of claim 25 wherein said biaxially stretched bodv was 
asymmetrically stretched along orthogonal axes. 

27. The film of claim 25 wherein said biaxially stretched body was 
1 5 symmetrically stretched along orthogonal axes. 

28. An overhead projector comprising: 
a base; 

a head attached to the base having means for projecting an image, 
2 ^ * projeaion area disposed on the base upon which ihe image is 

placed for projection by the head; 
a light source disposed within the base; and 

a multilayercd polymer film having a plurality of alternating layers of a 
crystalline naphthalene dicarboxylic acid polyester and another 
2 5 sclcaed polymer wherein substamially ail of the layers have a 



M 
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layers of the seleaed polymer, the film being disposed between the 
projection stage area and the light source. 

29. The overhead projeaor of claim 28 wherein the multilayered polymer 
5 film reflects infrared energy from the light source while transmitting visible light 

30. The overhead projector of claim 28 wherein the multilayered polymer 
film reflects visible light from the energy source while transmitting infrared energy. 



10 31 



A method of reflecting light comprising: 

forming a first suck of alternating layers of a crystalline naphthalene 
dicarboxylic acid polyester and a selected polymer wherein the 
layen having thickness of less than 0.5 micrometers and wherein 
the crystalline naphthalene dicarboxyUc acid polyester layer has a 
higher index of refiaction associated with at least one in-plane axis 
than adjoming layers of the seleaed polymer. 



32. The method of claim 3 1 wherein the stock is uniaxially stretched to 

obtain a difference between adjoining layers in index of refraaion associated with 
the orientation axis of at least 0.05. 



33 . The method of claim 32 and fiinher including positioning two stacks 

such that their respeaive orientation axes arc rotated 90" to form a mirror 

2 5 34. The method of claim 3 1 wherein the stack is uniaxially stretched until a 

difference between adjoining iavers in the index of refracrinn s<;^n-;,.-^ .u. 
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35. The method of claim 3 1 wherein the stack is uniaxially stretched until 
the crystalline naphthalene dicarboxylic acid polyester layer exhibits a difference in 
index of refraaion associated with different in-plane axes of the film of at least 
0.05. 

5 

36. The method of claim 3 1 wherein the stack is uniaxially stretched until 
the crystalline naphthalene dicarboxylic acid polyester layer exhibits a difference in 
index of refraction associated with different in-plane axes of the film of at least 
0.20, 

} 

37. The method of claim 3 1 wherein the crystalline naphthalene 
dicarboxylic acid polyester is polyethylene naphthalate. 



38. The method of claim 3 1 wherein the seleaed pol>7ner is a reaction 

15 product of isophthalic, azelaic, adipic, sebacic, dibenzoic, terephthalic, 2,7- 

naphthalene dtcarboxyitc. 2.6-naphthalene dicarboxylic or cyciohexanedicarboxylic 
acid. 



39. The method of claim 3 1 wherein the seleaed polymer is a reaction 

2 0 produa of ethylene glycol, propane diol, butane diol, neopent\'l glycol, polyethylene 
glycol, tetramethylene glycol, diethylene glycol, cydohexanedimethanol, 4-hydroxy 
diphenol, bisphenol A, or 1,8-dihydroxy biphenyl, l,3-bis(2- 
hydroxyetho.xy)ben2ene. 

2 5 40. The method of claim 3 1 wherein the crystalline naphthalene 

dicarboxylic acid polyester exhibits a difference in the index of refraction associated 
with one in-piane axis and the index of refraaion associated with a second in-nlan^ 



naices oi rcrraaion or aoioining layers are suDstantialJv equaj 
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41 . The method of claim 3 1 wherein the stack is biaxially stretched to 

obtain a difference in index of refraction of adjoining layers of at least 0 05 to form 
a mirror 



42. The method of claim 3 1 and wherein the suck is incorporated into 

another optical element. 



The method of claim 3 1 and further including: 
forming a second stack comprising a plurality of alternating layers of a 
crystalline naphthalene dicarboxylic add polyester and another 
seleacd polymer wherein substantially all of the layers have a 
thickness of less than 0.5 micrometers and wherein the crystalline 
naphthalene dicarboxylic add polyester layer has a higher index of 
refraction associated with at least one in-plane axis than adjoining 
layers of the seleaed polymer, and 
laminating the first and second stacks together. 



44. The method of daim 3 1 wherein the stack is uniaxially stretched. 

20 
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